Abstract This work demonstrates the reaction of ozone on the amino acids comprising the covering layer of resistant micro-organisms. A secondary aim was to check the byproducts generated when ozone was applied to synthetic samples (such as Vibrio cholerae NO 01 WFCC-449, Salmonella typhi ATTC-6539, faecal coliforms and Ascaris suum). The ozone was applied at a concentration of 18.4 mgO 3 /min at pH 3, for different lengths of time. In the case of bacteria, results showed that, at 8 minutes, the number was reduced to the level of the Official Mexican Standards set for treated water destined for irrigation purposes (1,000 MPN/100 mL). Excellent correlation coefficients (0.95 to 0.99) were obtained for microbial concentrations versus ozone contact time. Destruction times required for 100% removal of the initial bacteria population varied between 2 and 14 minutes, while Ascaris suum required 1 hour. When Gram-negative bacteria die due to the effects of ozone, cellular lysis and the liberation of endotoxins (biodegradable) were observed. The ozonation of amino acids in the shell of Ascaris suum eggs, leads to the formation of aldehydes, such as formaldehyde and acetaldehyde, in low concentrations (0.0003 and 0.0005 µg/mL respectively). These levels are not hazardous to human health.
Introduction
Treated wastewaters are an important hydraulic resource in densely populated areas lacking fresh water. However, the high contamination levels in Mexican wastewater due to the presence of microorganisms such as bacteria, protozoa and intestinal nematodes (helminths) pose serious health risks to those consuming fruits and vegetables irrigated with wastewater -a practice commonly employed in the Mezquital Valley (State of Hidalgo) -because the contents of pathogen bacteria in wastewater are extremely high: 10 7 to 10 9 MPN/100 mL of faecal coliforms (FC), 6 × 10 5 to 3 × 10 9 MPN/100 mL of S. typhi, 10 4 to 10 7 of Pseudomonas sp. (Jiménez et al., 2001) .
Other microorganisms (protozoan parasites), such as Giardia and Entamoeba histolytica, are prominent agents for causing diarrhoea. Amoebic dysentery, which is endemic in Mexico, is transmitted through Entamoeba histolytica cysts, frequently because of drinking water contaminated by faeces. The wastewaters in Mexico City's metropolitan zone have been shown to contain amoebas of the genera Acanthamoeba (71.3%), Mayorelia (5.0%), Pelomyxa (6.4%), and Vahlkampfia (10%). The Acanthamoeba genus shows the highest capacity for adaptation to, and tolerance of, diverse environmental conditions (Matuz, 2001) .
The following species of helminth eggs are commonly found in Mexican wastewaters: Ascaris lumbricoides (86.7%), Hymenolepis diminuta (5.9%), Trichuris trichiura (4.8%), Toxocara canis (2.2%), Necator americanus (0.4%), Taenia solium (0.05%) and Enterobius vermicularis (0.04%) (Jiménez and Chávez, 1998) .
As regards the relevance of parasites as a cause of death in Mexico, cysticercosis ranks in ninth position, above diabetes, peritonitis, and brain haemorrhage; whereas infection by amoebas ranks fourth (Biagi, 1990) . Normal levels of chlorine have little or no effect on amoeba cysts, or on helminth eggs (Rose et al., 1991) , and chlorine generates byproducts such as the tri-halomethanes, that can be carcinogenic, decrease fertility and be harmful to foetal development. For this reason, special care must be taken in adequately treating wastewaters destined for reuse. The aim of this work was, therefore, to determine the capacity of ozone to destroy intestinal parasites that present high resistance to commonly used disinfectant chemicals, and at the same time, to check that the byproducts generated by this process do not pose an additional risk to health.
Materials and methods
Synthetic samples were prepared with aminoacids produced by helminths egg lysis. The process was the following: to determine its disinfection capability on Ascaris suum helminth eggs (with morphological resemblance to A. lumbricoides), on V. cholerae and S. typhi bacteria (prepared from certified Vibrio cholerae NO 01 WFCC-449, and Salmonella typhi ATTC-6539 strains), and also on biological pollution indicators such as faecal coliform (FC) bacteria. The effect of ozone on Ascaris suum eggs has been previously tested by Orta et al. (2002) . For the study of Ascaris suum, 40 gravid female worms were obtained from a local slaughterhouse. The worms were washed in saline solution (0.85%), before being dissected. Once detached from the organic material surrounding them, the eggs were preserved in saline solution (stock suspension) at around 4°C. From this stock suspension, 4 L of a new suspension, containing approximately 40 eggs per 40 µl, was prepared. In order to determine the initial and final number of eggs, 40 µl samples of the suspensions were taken before and after the tests, as well as every 15 min. for 2 hours. The samples were observed under an optical Larborlux-s Leitz microscope for a representative estimate of the number of eggs.
In all the tests, a gas-phase ozone concentration of 36.8 mg O 3 /L was applied at the entrance of a reactor, with a flow of 0.5 L/min, to achieve a rate of 18.4 mg O 3 /min. Gasphase ozone was determined by the iodometric method (Birdsall et al., 1952) , and dissolved ozone was measured by the indigo method (Bader and Hoigné, 1981) .
The applied ozone was produced by an Emergy Trailigaz labo 76 generator, using oxygen-enriched air as the input gas (Orta et al., 2002) . The egg suspensions were ozonated for two hours in a batch reactor. Samples were taken every 15 min. for 2 hours, to evaluate the number of eggs destroyed. In order to determine the initial and final number of eggs, samples were put in counting Doncaster cameras, and observed under an optical Larborlux-s Leitz microscope.
Synthetic samples were prepared with amino acids produced by helminths eggs. The process was the folowing: Acid hydrolysis and extraction with chloroform were applied to 5 mL samples (containing approximately 40 eggs per 40 µL), in order to separate the amino acids, the insoluble material that makes up the ascaroside cover. 5 mL samples of the thus freed amino acids were ozonated and analysis was carried out by o-phthadialdehyde (OPA) precolumn derivatization and reversed-phase HPLC.
Individual amino acid standard stock solutions (1 µg/mL) were dissolved in water, except for glutamic acid, aspartic acid, and tyrosine, which were dissolved in water with hydrochloric acid (20 µL HCL 6N). A standard mixture of amino acids was prepared at a concentration of 80-150 picomol/mL and stored at 4°C. This standard mixture was further diluted to 1:10 v/v with iodoacetic acid solution in an Eppendorf tube at room temperature. After 120 sec (optimum derivation time for the reaction) an aliquot was injected (3 to 7 picomoles of each amino acid) into an HPLC apparatus. The gradient elution programme was followed by a 10 min washing step, programmed to 100% B, so that any residual sample components would be cleaned from the column, before and after every run. The column was equilibrated with 10% eluted B for 10 min.
The equipment used for the OPA pre-column derivation analyzer was as follows: * automatic sample injector: Waters 712 WISP * HPLC pump with gradient: Waters 600 E * reversed-phase column: C 18, Delta-Pack Waters 100 A Modulate of Model solvents 126, Modulate of Control NEC, Integrative model 427. Chromotographic conditions: Flow (1.5 mL/min) temperature (room temperature), injection volume (loop of 5 mL). Type of detector: GILSON fluorescence detector (model 121) set for excitation 360 nm emission at 450 nm, at 0.05 units of fluorescence.
Results and discussion
The results of the synthetic samples show a clear decrease in the number of V. cholerae, S. typhi, total and faecal coliforms, and A. suum helminth eggs throughout the ozonation process time. As shown in Figure 1 , at 8 min of ozone contac time, an adequate proximity to the standards set for irrigation treated water (1,000 MPN/100 mL) was achieved; at 14 min, all bacteria were completely destroyed, and at 1 hour only one helminth egg (non-viable) was present, complying in all cases with the NOM-001-ECOL-1996 standard, which establishes the maximum permissible limits of pollutants in wastewater discharges to any receiving body, water or soil (SEMARNAP, 1997).
The correlation co-efficients (r) showed highly significant values of 0.95 for S. typhi, and 0.99 for V. cholerae and FC, as shown in Figure 1 . The destruction process involved showed a first order kinetic with regard to bacterial concentration. Destruction times for 90% of the initial population of micro-organisms (t 90 ) varied in the range of 2 to 14 min, depending on the concentration, and the sensitivity of the different bacterial strains.
The destruction of bacteria with ozone takes place by means of oxidation reactions (the cell membrane being the first site under attack) through glycoproteins, or glycolipids, or through certain amino acids. Moreover, ozone acts upon the sulfhydril groups of certain enzymes.
When Gram-negative bacteria die due to the effects of ozone, they cause cellular lysis and liberate endotoxins. As endotoxins are destroyed by sunlight, they are biodegradable. Hence the byproducts generated by this process do not present a risk to health.
The results obtained (previously by Orta et al., 2002) (containing approximately 40 eggs per 40 µL) showed the destruction of 96.7% of Ascaris suum eggs at 1 hour, and at 2 hours of ozone contac time, 100% of the eggs had been completely destroyed. As shown in Figure 2 , a very significant correlation co-efficient (r of 0.95) was obtained. It was found that the destruction of these micro-organisms showed a first order kinetic with regard to ozone concentration. Destruction contact times for 90% of the initial Ascaris suum population (t 90 ) was 1 hour. Results from this investigation confirmed that applying ozone in acid conditions results in an observation of the same behaviour, which can be explained by the morphologic and chemical-constitution similarities of nematode eggs.
All helminth eggs are morphologically similar. They are also of similar size and chemical constitution. The egg shell consists of three basic layers that are secreted by the egg itself, namely, a lipoidal inner layer, a chitinous middle layer, and outer layer of protein (see Figure 3) . Their variation mainly depends on the number of amino acids incorporated into the layers, a result that agrees with the similarity of results obtained when ozone is applied under acid conditions.
During the oxidation process, ozone breaks the wall or shell of helminth eggs. The acid medium causes hydrolysis of proteins, with amino acids as terminal products. The Figure 3 The egg shell consists of three basic layers: a lipoidal inner layer, a chitinous middle layer, and outer layer of protein biphenyls and the quinones are characterized by the presence of the OH donor group in aromatic nuclei. This donor group is strongly reactive to ozone. Doré (1989) reported velocity constants for ozonation of cysteine at pH 2, and cystine at pH 1.8, as 3 × 10 4 and 5.5 × 10 2 M -1 s -1 , respectively, concluding that sulphur amino acids are highly reactive to ozone. Such observations agree with the results obtained during this research, using pH 3. At pH 3, after the first hour, a removal rate of 96.7% of Ascaris suum eggs was achieved. This maximum removal confirms the influence of acid conditions on an increased reactivity of ozone. The double bond carbon-carbon, plus the sulphur and nitrogen atoms in the lateral chain of the amino acids, also constitutes very selective attack centres for ozone (Molerio et al., 1989) .
Results obtained indicated that the degradation of the structure of each amino acid by ozone, depends on the applied ozone dose. The amino acids which contained a high reactive side chain, were preferentially attacked by ozone.
It can be stated that ozone shows a significant reaction on the amino acids that form the shell of intestinal parasites, particularly in an acid pH medium, because the ozone acts upon the nitrogen atom, or upon the R group (alkyl sulphurated, or insaturated), or on both at the same time. Thus polypeptide or protein reactivity will depend on the nature of their constituent amino acids.
Using thin-layer chromatography, the following amino acids constituting the shell of Ascaris lumbricoides eggs have been identified: lysine, arginine, glutamic acid, serine, glycine, cystine, aspartic acid, threonine, alanine, valine, tyrosine, leucine, isoleucine, tryptophane, phenylalanine and proline (Foor, 1967) . Results from this investigation that have been identified through liquid chromatography, show the components that form the external layers of helminth eggs (Figure 4) .
Ozonation of amino acids leads to the formations of aldehyde. As shown in Table 1 , among the different aldehydes analyzed, formaldehyde and acetaldehyde were found to be the major ozonation byproducts in low concentrations (0.0003 and 0.0005 µg/mL respectively). The decomposition of other amino acids that constitute the shell of the eggs (such as: lysine, arginine, glutamic acid, serine, aspartic acid, threonine, and isoleucine) has yet to be determined. However it is expected that those derived, will be very similar to those already studied, and that they will not cause additional pollution to the environment.
Most of the aldehydes identified were similar to those found in natural ozonated waters; formaldehyde, acetaldehyde, glyoxal, methylglyoxal and ethylglyoxal (Hureiki et al., 1998) . Propylglyoxal was found in ozonated lysine extracts. The results show that the ozone demand of amino acids is related to their structure. 
